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Fakultät für Physik, TU Dortmund, Otto-Hahn-Str.4, D-44221 Dortmund, Germany
Updated standard model predictions for D(s) → Pl+l−, l = e, µ, P = pi,K and inclusive
decays are presented. Model-independent constraints on |∆C| = |∆U | = 1 Wilson coeffi-
cients are worked out. New physics (NP) opportunities do arise in semileptonic branching
ratios for very large couplings only, however, are not excluded outside the resonance regions
yet. The NP potential of resonance-assisted CP-asymmetries and angular observables is
worked out. Predictions are given for leptoquark models, and include lepton flavor violating
and dineutrino decays. Whether NP can be seen depends on flavor patterns, and vice versa.
I. INTRODUCTION
The study of flavor-changing neutral current (FCNC) transitions is a key tool to explore the
generational structure of standard model (SM) fermions and to look for physics beyond the standard
model (BSM). While analyses involving b-quarks are matured to precision level [1], the investigation
of charm FCNCs is much less advanced, as corresponding rates are highly GIM-suppressed and
experimentally challenging and/or decay modes subjected to resonance contributions, shielding the
electroweak physics.
Semileptonic charm hadron decays provide an opportunity to probe for new physics in |∆C| =
|∆U | = 1 FCNCs [2]. Such processes, induced by c→ ul+l−, l = e, µ, allow to kinematically reduce
the resonance background via c→Mu→ l+l−u, whereM denotes a meson with massmM decaying
to dileptons such as M = η(′), ρ, ω, φ, by kinematic cuts in the dilepton invariant mass squared q2,
notably q2 & m2φ. The available phase space is, however, limited, at most ∆q2 ∼ 2GeV2 for the
most favorable decays D+ → pi+l+l−, and the resonance tails remain overwhelming in the decay
rates until the endpoint. To access short-distance physics becomes still possible in two situations: i)
The BSM-induced rates are much larger than the SM background. ii) Using SM null tests, that is,
specifically chosen observables. The latter are generically related to SM (approximate) symmetries,
such as CP in c→ u transitions, and include various ratios and asymmetries.
In this work we pursue the analysis of rare charm observables using CP-asymmetries and those
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2related to leptons, lepton flavor violating (LFV) decays c→ ue±µ∓. The latter have essentially no
SM contribution due to the smallness of neutrino masses. Importantly, there are no photon-induced
dilepton effects, the usual source of resonance pollution. Therefore, for LFV charm decays no cuts
in q2 are required from the theory perspective. Similarly c → uνν¯ processes have essentially zero
SM background and factorize in the full region of q2. In addition, the study of rare charm decays
has great prospects at the LHCb and Belle II experiments, as well as BES III [3], and possible other
future high luminosity flavor facilities [4, 5].
Leptoquarks are particularly interesting for flavor physics because they link quark flavor to
lepton flavor. A rich phenomenology and correlations between different kinds of flavor transitions,
K-, D- and B-decays as well as LFV, allow to probe the SM and flavor models simultaneously.
Naturally, CP-violation, lepton-nonuniversality (LNU) and LFV arise. We work out correlations in
a number of flavor benchmarks for scalar and vector leptoquarks that induce c → ul+l−. Some of
these are currently discussed in the context of B-physics anomalies hinting at LNU [6–10].
The plan of the paper is as follows: In Sec. II we work out SM predictions for c → ul+l−
processes, including recent results for higher order perturbative contributions [11]. We identify
BSM windows in rare exclusive c → ul+l− modes. In Sec. III constraints and predictions are
worked out model-independently and within leptoquark scenarios, amended by flavor patterns. In
Sec. IV we summarize. Auxiliary information is compiled in several appendices.
II. STANDARD MODEL PREDICTIONS
We work out SM predictions for exclusive semileptonic charm decays. In Sec. II A we obtain
(Next-to-)Next-to-Leading-Order (N)NLO results for the (effective) |∆C| = |∆U | = 1 coefficients.
In Sec. II B we work out branching ratios, including resonance effects and compare to data.
A. Wilson Coefficients
We write the c → ul+l− effective weak Lagrangian [11–13] with two-step matching at the W -
mass scale and the b-quark mass scale, respectively, as
Lweakeff
∣∣
mW≥µ>mb =
4GF√
2
∑
q=d,s,b
V ∗cqVuq
(
C˜1(µ)P
(q)
1 (µ) + C˜2(µ)P
(q)
2 (µ)
)
, (1)
Lweakeff
∣∣
mb>µ≥mc =
4GF√
2
∑
q=d,s
V ∗cqVuq
(
C˜1(µ)P
(q)
1 (µ) + C˜2(µ)P
(q)
2 (µ) +
10∑
i=3
C˜i(µ)Pi(µ)
)
. (2)
3Here, GF is the Fermi constant and Vij denote the Cabibbo–Kobayashi–Maskawa (CKM) matrix
elements. Within the OPE (1), (2) heavy fields are integrated in the Wilson coefficients C˜i and the
operators Pi are composed out of light fields. The SM operators up to dimension six read [14–16]
P
(q)
1 = (u¯Lγµ1T
aqL)(qLγ
µ1T acL) , (3)
P
(q)
2 = (u¯Lγµ1qL)(qLγ
µ1cL) , (4)
P3 = (u¯Lγµ1cL)
∑
{q:mq<µ}
(qγµ1q) , (5)
P4 = (u¯Lγµ1T
acL)
∑
{q:mq<µ}
(qγµ1T aq) , (6)
P5 = (u¯Lγµ1γµ2γµ3cL)
∑
{q:mq<µ}
(qγµ1γµ2γµ3q) , (7)
P6 = (u¯Lγµ1γµ2γµ3T
acL)
∑
{q:mq<µ}
(qγµ1γµ2γµ3T aq) , (8)
P7 =
e
g2s
mc (u¯Lσ
µ1µ2cR)Fµ1µ2 , (9)
P8 =
1
gs
mc (u¯Lσ
µ1µ2T acR)G
a
µ1µ2 , (10)
P9 =
e2
g2s
(u¯Lγµ1cL)
(
lγµ1 l
)
, (11)
P10 =
e2
g2s
(u¯Lγµ1cL)
(
lγµ1γ5l
)
, (12)
where qL,R = (1∓ γ5)/2 q denotes chiral quark fields, T a are the SU(3)C generators, e is the elec-
tromagnetic coupling, gs is the strong coupling, σµ1µ2 = i[γµ1 , γµ2 ]/2, Fµ1µ2 is the electromagnetic
field strength tensor, Gaµ1µ2 is the chromomagnetic field strength tensor and the covariant derivative
is Dµ = ∂µ + igsAaµT a + ieQAµ.
In this section we give results for the (N)NLO QCD SM Wilson coefficients
C˜i(µ) = C˜
(0)
i (µ) +
αs(µ)
4pi
C˜
(1)
i (µ) +
(
αs(µ)
4pi
)2
C˜
(2)
i (µ) +O
(
α3s(µ)
)
. (13)
C˜1,2(µW ) can be inferred from [15, 17] and C˜3−10(µW ) = 0 due to CKM unitarity for vanishing
light quark masses. If one were to keep finite light quark masses in the Wilson coefficients at µW
as in [18–20] spurious large logarithms are induced, e.g., [21]
∑
q=d,s,b
V ∗cqVuqC˜
(q)
9 (µW ) ' V ∗csVus
(−2)
9
ln
m2s
m2d
' −0.29 , (14)
a procedure that is not consistent with the factorization of scales in the effective Lagrangian [11, 13].
Logarithms are resummed to all orders in perturbation theory via the renormalization group (RG)
4equation [17, 22, 23]. After RG-evolution of C˜1,2 from µW to µb, we integrate out the b-quark at
µb, which induces non-zero contributions to P3−10, and then RG-evolve C˜1−10 from µb to µc. The
resummation to NNLO is worked out in [11], to which we refer for details on the RG equation,
anomalous dimensions and matching. The results of this NNLO evolution are included in the
numerical analysis in this work. Using the parameters compiled in App. A we find the SM Wilson
coefficients at the charm quark mass given in Table I.
j = 1 j = 2 j = 3 j = 4 j = 5 j = 6 j = 7 j = 8 j = 9 j = 10
C˜
(0)
j -1.0275 1.0926 -0.0036 -0.0604 0.0004 0.0007 0 0 -0.0030 0
(αs/(4pi)) C˜
(1)
j 0.3214 -0.0549 -0.0025 -0.0312 0.0000 -0.0002 0.0035 -0.0020 -0.0064 0
(αs/(4pi))
2 C˜
(2)
j 0.0766 -0.0037 -0.0019 -0.0008 0.0001 0.0003 0.0002 -0.0003 -0.0037 0
C˜j -0.6295 1.0340 -0.0080 -0.0924 0.0005 0.0008 0.0037 -0.0023 -0.0131 0
TABLE I: The ith order contributions (αs/(4pi))i C˜
(i)
j , i = 0, 1, 2 to the SM Wilson coefficients, see Eq. (13),
at µc = mc. The last row gives their sum, C˜j(mc).
We write the matrix elements of the operators P1−6,8 in terms of effective Wilson coefficients
Ceff7,9(µc) and Ceff10 (µc) = 0. We find to one-loop order
C
eff(q)
9 (q
2) = C˜9 +
αs
4pi
[
8
27
C˜1 +
2
9
C˜2 − 8
9
C˜3 − 32
27
C˜4 − 128
9
C˜5 − 512
27
C˜6
+ L(m2c , q
2)
(
28
9
C˜3 +
16
27
C˜4 +
304
9
C˜5 +
256
27
C˜6
)
+ L(m2s, q
2)
(
−4
3
C˜3 − 40
3
C˜5
)
+ L(0, q2)
(
16
9
C˜3 +
16
27
C˜4 +
184
9
C˜5 +
256
27
C˜6
)
+
(
δqsL(m
2
s, q
2) + δqdL(0, q
2)
)(− 8
27
C˜1 − 2
9
C˜2
)]
+
(αs
4pi
)2
F
(9)
8 (q
2/m2c)C
eff
8 , (15)
in agreement with the corresponding calculation in b-quark decays [24] and
C
eff(q)
7 (q
2) = C˜7 +
αs
4pi
6∑
i=1
y
(7)
i C˜i +
(αs
4pi
)2[(−1
6
C˜
(0)
1 + C˜
(0)
2
)
f(m2q/m
2
c) + F
(7)
8 (q
2/m2c)C
eff
8
]
(16)
with Ceff8 = C˜
(1)
8 +
∑6
i=1 y
(8)
i C˜
(0)
i and C˜1−6 consistently expanded to order αs. The functions f, L
and F (7,9)8 and the coefficients y
(7,8)
i are given in App. B. The coefficients C
eff
7,9 ∼ V ∗cbVub induced
by the two-loop matrix elements of P3−6 and Ceff9 induced by the two-loop matrix elements of P1,2
are not known presently and neglected in the following analysis. Hence, the NNLO result is not
known; it is labeled as (N)NLO.
5For the phenomenological analyses in Secs. II B and III it is customary to redefine the dilepton
and electromagnetic dipole operators and use
Q7 =
mc
e
(u¯σµνPRc)Fµν , (17)
Q9 = (u¯γµPLc)
(
lγµl
)
, (18)
Q10 = (u¯γµPLc)
(
lγµγ5l
)
. (19)
Their effective coefficients C7,9,10 = C7,9,10(q2) are related to the ones of P7,9,10 as
C7,9,10(µc) =
4pi
αs(µc)
[
V ∗cdVudC
eff(d)
7,9,10(µc) + V
∗
csVusC
eff(s)
7,9,10(µc)
]
. (20)
Using
∑
q=d,s,b V
∗
cqVuq = 0 makes manifest that the coefficients are GIM or Cabibbo suppressed,
specifically, L(m2s, q2)− L(0, q2) = O(m2s/m2c) at high q2.
The effective coefficient C9, Eq. (20), in the SM is shown in Fig. 1. C7 is not shown because
its q2-dependence is negligible. Note that C10 = 0, and that C7 and C9 are primarily set by the
matrix elements of P1,2. For µc = mc, C7 ' (−0.0011 − 0.0041i) and C9 ' −0.021Xds, where
Xds = (V
∗
cdVudL(m
2
d, q
2) + V ∗csVusL(m2s, q2)). Varying mc/
√
2 ≤ µc ≤
√
2mc we find (−0.0014 −
0.0054i) ≤ C7 ≤ (−0.00087−0.0033i) and−0.060Xds(µc =
√
2mc) ≤ C9 ≤ 0.030Xds(µc = mc/
√
2).
For q2 & 1GeV2, we obtain as a result a small SM contribution, |C9| . 5 · 10−4.
The one-loop contribution to C9 is suppressed by cancellations between C˜1 and C˜2. There-
fore, the two-loop matrix element of P (q)1,2 (µc), q = d, s inducing C9, of the order |V ∗cdVud| ×
αs(µc)/(4pi)×GIM-type m2s/m2c-suppression at q2 = O(m2c)1, could numerically be of similar size
as the (N)NLO one.
B. Phenomenology
In this section we study the SM phenomenology of D+ → pi+µ+µ− decays and introduce SM
null tests. Decay distributions are given in App. D, and the requisite form factors fi are defined
in App. C. In particular, in our numerical analysis the vector form factor f+ is taken from data
[26], and the dipole one fT is related to f+ through the (improved) Isgur-Wise relations at low and
high q2, between which we interpolate, cf. App. C. A third form factor, f0, does not contribute
at short distances as it multiplies C10, which vanishes in the SM. f+(q2), fT (q2) and f0(q2), which
can contribute in SM extensions, can be seen in Fig. 5. In our calculation we expand squared
amplitudes to order α2s and apply the pole mass for mc in matrix elements.
1 This behavior is also supported by a related calculation in b→ sll decays [25].
6FIG. 1: The effective coefficient C9(µc = mc) given in Eq. (20) at NLO and the pure (N)NLO-terms in the
SM. The two-loop matrix elements of P1,2 are not known presently and not included. See text for details.
Integrating the distribution in different q2-bins yields the non-resonant SM branching ratios
given in Table II. The first uncertainty given corresponds to the normalization, which is dominated
by the D-lifetime, relative to which CKM uncertainties are subdominant. The dominant theory
uncertainty stems from the charm scale µc, which here is varied within mc/
√
2 ≤ µc ≤
√
2mc. The
effect of a larger upper limit on µc is to enhance (decrease) the branching ratios at low (high) q2. For
instance, allowing for values of µc as large as 4 GeV doubles (cuts into halves) the branching ratios
obtained for µc =
√
2mc at low (high) q2. Consequently, the effect on the full q2-range of integration
averages out. The other scales are varied within mW,b/2 ≤ µW,b ≤ 2mW,b. Uncertainties due to
power corrections are not included. Electroweak corrections, which are subleading relative to QCD-
ones, are neglected. We checked this explicitly by calculating the effects of electromagnetic mixing
among the Pi at leading order [28, 29]. Additional uncertainties from αs(mZ) = 0.1185 ± 0.0006
amount to a few percent.
Further non-resonant SM branching fractions for inclusive c → ull decays and additional D →
Pll decays are also worked out and given in App. E. Our findings are consistent with [13, 30], but
disagree with those of [18–20] by orders of magnitude. As already discussed around Eq. (14), this
goes back to the inclusion of light quark masses in [18–20] in the matching at µW .
Next we model the contributions from resonances by using a (constant width) Breit-Wigner
7q2-bin B(D+ → pi+µ+µ−)SMnr 90% CL limit [27]
full q2: (2mµ)2 ≤ q2 ≤ (mD+ −mpi+)2 3.7 · 10−12 (±1,±3,+16−15 ,±1,+3−1 ,+158−1 ,+16−12 ) 7.3 · 10−8
low q2: 0.2502GeV2 ≤ q2 ≤ 0.5252GeV2 7.4 · 10−13 (±1,±4,+23−21 ,+10−11 ,+10−1 ,+238−23 ,+6−5 ) 2.0 · 10−8
high q2: q2 ≥ 1.252GeV2 7.4 · 10−13 (±1,±6,+15−14 ,±6,+0−1 ,+136−45 ,+27−20 ) 2.6 · 10−8
TABLE II: Non-resonant SM branching fractions of D+ → pi+µ+µ− decays normalized to the total width.
Non-negligible uncertainties correspond to (normalization, mc, ms, µW , µb, µc, f+), respectively, and are
given in percent. In the last column we give the corresponding experimental 90% CL upper limits [27].
shape for C9 → CR9 for vector and CP → CRP for pseudoscalar mesons
CR9 = aρe
iδρ
(
1
q2 −m2ρ + imρΓρ
− 1
3
1
q2 −m2ω + imωΓω
)
+
aφe
iδφ
q2 −m2φ + imφΓφ
,
CRP =
aηe
iδη
q2 −m2η + imηΓη
+
aη′
q2 −m2η′ + imη′Γη′
, (21)
where ΓM denotes the total width of resonance M = η(′), ρ, ω, φ and we safely neglected the SM’s
CP-violating effects. Since the branching fraction of D+ → pi+ω decays is not measured yet, and
also to reduce the number of parameters, one can use isospin to relate it to the one of the decay
D+ → pi+ρ [30]. While there are clearly corrections to this ansatz for the ω, these are subdominant
relative to the dominant contributions from the ρ due to its large width.
Approximating B(D+ → pi+M(→ µ+µ−)) ' B(D+ → Mpi+)B(M → µ+µ−) and taking the
right-hand side from data [31] and B(η′ → µ+µ−) ∼ O(10−7) [31, 32], we obtain
aφ = 0.24
+0.05
−0.06 GeV
2 , aρ = 0.17± 0.02 GeV2 ,
aη = 0.00060
+0.00004
−0.00005 GeV
2 , aη′ ∼ 0.0007 GeV2 . (22)
We note that the present experimental upper limit on B(D+ → ωpi+) yields aω . 0.04, somewhat
below the isospin prediction, aρ/3.
The SM differential branching fraction of D+ → pi+µ+µ− decays is shown in Fig. 2. The
dominant resonance contributions above the φ-peak are due to the φ and the ρ. The relative strong
phases δφ,ρ,η are varied independently within −pi and pi. The dominant uncertainty stems from
the unknown phases, only near the resonance peaks the uncertainties in the factors aM become
noticeable. At high q2 the resonances die out with increasing q2, however slowly. For instance, we
obtain |CR9 (1.5GeV2)| . 0.8 and |CR9 (2GeV2)| . 0.4, exceeding by many orders of magnitude the
SM short-distance contribution to Q9.
We learn the following: There is room for new physics below the current search limits [27] and
above the resonance contribution; at very high, and very low q2. In either case it will require
8FIG. 2: The differential branching fraction dB(D+ → pi+µ+µ−)/dq2 in the SM. The solid blue curve is the
non-resonant prediction at µc = mc and the lighter blue band its µc-uncertainty. The orange band is the
pure resonant contribution taking into account the uncertainties specified in Eq. (22) at 1 σ and varying the
relative strong phases. The dashed black line denotes the 90% CL experimental upper limit [27].
large BSM contributions to the Wilson coefficients to be above the resonant background. We will
quantify this in Sec. III.
The dominance of resonances in the decay rate for SM-like Wilson coefficients is common to all
c→ ul+l− induced processes, such as inclusive D → Xul+l−, or other exclusive decays, e.g., D →
pipil+l− [33] and Λc → pl+l−. Choosing c→ ul+l− induced decay modes other than D+ → pi+l+l−
does not help gaining BSM sensitivity in the dilepton spectrum, however, other modes may allow to
construct more advantageous observables. Here we discuss opportunities in semileptonic exclusive
decays with observables where the resonance contribution is not obstructing SM tests.
Clean SM tests are provided by the angular distribution in D → pil+l− decays, notably, the
lepton forward-backward asymmetryAFB and the "flat" term [34], FH , see App. D. Both observables
are null tests of the SM and require scalar/pseudoscalar operators and tensors to be non-negligible.
A promising avenue to probe operators with Lorentz structures closer to the ones present in the
SM is to study CP-asymmetries in the rate
ACP (q
2) =
dΓ/dq2 − dΓ¯/dq2∫ q2max
q2min
dq2(dΓ/dq2 + dΓ¯/dq2)
, (23)
where dΓ¯/dq2 denotes the differential decay rate of the CP-conjugated mode, D− → pi−l+l−. The
9difference of the widths can be written as
dΓ
dq2
− dΓ¯
dq2
= − G
2
Fα
2
e
384pi5m3D
√
λ3(m2D,m
2
P , q
2)
(
1− 4m
2
l
q2
)(
1 + 2
m2l
q2
)
(24)
× (Im[V ∗cdVud(VcsV ∗us)]Im[cdc∗s] + Im[V ∗cdVud∆∗9]Im[cd]f+ + Im[V ∗csVus∆∗9]Im[cs]f+) ,
where the first term in the last row corresponds to the tiny SM prediction whereas the ones driven
by ∆9 = CBSM9 + C ′9 correspond to possible BSM contributions, and
cd =
4pi
αs
2C
eff(d)
7 fT
mc
mD
+ CR9 |ρ−only
f+
V ∗cdVud
, (25)
cs =
4pi
αs
2C
eff(s)
7 fT
mc
mD
+ CR9 |φ−only
f+
V ∗csVus
. (26)
Here we neglect all resonances other than the φ as the latter is dominant on the φ, and the ρ,
as it is wide. To avoid double-counting we drop the perturbative contributions to Ceff(d,s)9 in cd,s,
respectively. The resonance contributions allow to evade the otherwise strong GIM-suppression,
a feature already exploited in probing BSM CP-violation in dipole operators on or near the φ
resonance [35]. In the SM CP-violation is tiny due to the smallness of Im[V ∗cdVud(VcsV
∗
us)]. We
find |ASMCP (q2)| < 5 · 10−3, peaking at q2 ∼ m2φ, where we normalized to the sum of the widths
integrated over the full q2-region. We conclude that while there are large uncertainties related to
the phenomenological model for CR9 , it allows to see large BSM effects. We show this explicitly in
Sec. III, where we also study LFV decays.
III. BEYOND THE STANDARD MODEL
We discuss testable BSM effects model-independently in Sec. III A and within leptoquark models,
which are introduced briefly in Sec. III B, in Sec. III C.
A. Model-independent Analysis
To study BSM effects we extend the operator basis (17)-(19)
Lweakeff (µ ∼ mc) =
4GF√
2
αe
4pi
∑
i
C
(l)
i Q
(l)
i , (c→ ul+l−) , (27)
10
where
Q
(l)
9 = (u¯γµPLc)
(
lγµl
)
, Q
(l)′
9 = (u¯γµPRc)
(
lγµl
)
,
Q
(l)
10 = (u¯γµPLc)
(
lγµγ5l
)
, Q
(l)′
10 = (u¯γµPRc)
(
lγµγ5l
)
,
Q
(l)
S = (u¯PRc)
(
l¯l
)
, Q
(l)′
S = (u¯PLc)
(
l¯l
)
, (28)
Q
(l)
P = (u¯PRc)
(
l¯γ5l
)
, Q
(l)′
P = (u¯PLc)
(
l¯γ5l
)
,
Q
(l)
T =
1
2
(u¯σµνc)
(
l¯σµν l
)
, Q
(l)
T5 =
1
2
(u¯σµνc)
(
l¯σµνγ5l
)
.
As we use muonic modes frequently, in the following Wilson coefficients and operators without a
lepton flavor index are understood as muonic ones, that is C(µ)i = Ci etc.
Neglecting the SM Wilson coefficients, we find the following constraints on the BSM Wilson
coefficients from the limits on the branching fraction of D+ → pi+µ+µ− given in Table II in the
high q2-region (
√
q2 ≥ 1.25GeV) at CL=90%
0.9|C9 + C ′9|2 + 0.9|C10 + C ′10|2 + 4.1|CS + C ′S |2 + 4.2|CP + C ′P |2 + 1.1|CT |2 + 1.0|CT5|2
+ 0.6 Re[(C9 + C
′
9)C
∗
T ] + 1.2 Re[(C10 + C
′
10)(CP + C
′
P )
∗]
+ 2.3|C7|2 + 2.8Re[C7(C9 + C ′9)∗] + 0.8 Re[C7C∗T ] . 1 . (29)
Analogous constraints in the full q2-region are somewhat stronger. They read
1.3|C9 + C ′9|2 + 1.4|C10 + C ′10|2 + 2.2|CS + C ′S |2 + 2.3|CP + C ′P |2 + 0.9|CT |2 + 0.8|CT5|2
+ 0.9 Re[(C9 + C
′
9)C
∗
T ] + 1.0 Re[(C10 + C
′
10)(CP + C
′
P )
∗]
+ 3.7|C7|2 + 4.4Re[C7(C9 + C ′9)∗] + 1.3 Re[C7C∗T ] . 1 . (30)
The branching fraction B(D0 → µ+µ−) < 6.2 · 10−9 at CL=90% [31] provides complementary
constraints as
|CS − C ′S |2 + |CP − C ′P + 0.1(C10 − C ′10)|2 . 0.007 . (31)
Thus, D → piµµ is sensitive to the complete set of operators, however, the purely leptonic decays
put stronger constraints on scalar and pseudoscalar operators.
Barring cancellations, we find, consistent with [36], |C(′)9,10| . 1, which can exceed the resonance
contribution at high q2. Assuming no further flavor suppression for the BSM contribution g2/Λ2
(weakly-induced tree level) or g4/(16pi2Λ2) (weak loop), the limits on C(′)9,10 imply quite mild con-
straints for the scale of new physics: Λ & O(5) TeV or Λ around the electroweak scale, respectively.
With SU(2)L-relations C9 = −C10 the bounds on new physics ease by a factor of 1/
√
2. Analogous
11
constraints on the other coefficients read |CT,T5| . 1 and |C(′)S,P | . 0.1. In Fig. 3 we illustrate BSM
effects in the D+ → pi+µ+µ− differential branching fraction at high q2 with two viable choices for
BSM-induced Wilson coefficients. As anticipated, the BSM distributions can exceed the SM one.
FIG. 3: The differential branching fraction dB(D+ → pi+µ+µ−)/dq2 at high q2. The solid blue curve is the
non-resonant SM prediction at µc = mc and the lighter blue band its µc-uncertainty, the dashed black line
denotes the 90% CL experimental upper limit [27] and the orange band shows the resonant contributions.
The additional curves illustrate two viable, sample BSM scenarios, |C9| = |C10| = 0.6 (dot-dashed cyan
curve) and |C(′)i | = 0.04 (dotted purple curve). In the latter case all BSM coefficients have been set
simultaneously to this value.
Constraints on c→ ueemodes are weaker than the c→ uµµ ones, B(D+ → pi+e+e−) < 1.1·10−6
and B(D0 → e+e−) < 7.9 · 10−8 at CL=90% [31], and imply∣∣∣C(e)S,P − C(e)′S,P ∣∣∣ . 0.3 ,∣∣∣C(e)9,10 − C(e)′9,10∣∣∣ . 4 , ∣∣∣C(e)T,T5∣∣∣ . 5 , ∣∣∣C7 (C(e)9 − C(e)′9 )∣∣∣ . 2 . (32)
To discuss LFV we introduce the following effective Lagrangian
Lweakeff (µ ∼ mc) =
4GF√
2
αe
4pi
∑
i
(
K
(e)
i O
(e)
i +K
(µ)
i O
(µ)
i
)
, (c→ ue±µ∓) , (33)
where the K(l)i denote Wilson coefficients and the operators O
(l)
i read
O
(e)
9 = (u¯γµPLc) (eγ
µµ) , O
(µ)
9 = (u¯γµPLc) (µγ
µe) , (34)
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and all others in analogous notation to Eq. (28). The LFV Wilson coefficients are constrained by
B(D0 → e+µ− + e−µ+) < 2.6 · 10−7, B(D+ → pi+e+µ−) < 2.9 · 10−6 and B(D+ → pi+e−µ+) <
3.6 · 10−6 at CL=90% [31] as∣∣∣K(l)S,P −K(l)′S,P ∣∣∣ . 0.4 ,∣∣∣K(l)9,10 −K(l)′9,10∣∣∣ . 6 , ∣∣∣K(l)T,T5∣∣∣ . 7 , l = e, µ . (35)
The observables in the D → Pl+l− angular distribution, AFB and FH , Eqs. (D2), (D3) can
be sizable while respecting the model-independent bounds. We find that, upon q2-integration,
|AFB(D+ → pi+µ+µ−)| . 0.6, |AFB(D+ → pi+e+e−)| . 0.8, FH(D+ → pi+µ+µ−) . 1.5 and
FH(D
+ → pi+e+e−) . 1.6, where F SMH is below permille level, allowing to signal BSM physics. Here,
the resonance contributions have been taken into account in the normalization to the decay rate,
and both numerator and denominator (the decay rate) have been integrated from q2min = 1.25
2GeV2
to q2max = (mD+−mpi+)2. As the LFV bounds (35) are even weaker than the ones on the dielectron
modes, sizable contributions to LFV angular observables are allowed as well. Knowing the size of
LFV in more than one observable would allow to pin down the operator structure and provide clues
about the underlying model.
B. c→ ull Generating Models
Several models generating c → ull transitions were studied, for instance, Little Higgs models
[19, 30], Minimal Supersymmetric Standard Models [18, 20, 37, 38], two Higgs doublet models [37],
an up vector-like quark singlet [38] and models with warped extra dimensions [39, 40]. In all models
except for the supersymmetric ones the D → pil+l− branching fraction is found to be less than the
resonance contributions. In the supersymmetric models the branching ratio can be close to the
experimental limits. Non-vanishing asymmetries that could be AFB, ACP and the CP-asymmetry
of AFB are generically induced in BSM models [18–20, 30, 39, 40].
Here we study effects of leptoquarks generating c→ ull transitions in a bottom-up approach. We
note that in Grand Unified Theories further model building for some representations is required [41].
For renormalizable up-type scalar and vector SU(2)L singlet, doublet and triplet leptoquarks within
the SM (SU(3)C , SU(2)L, U(1)Y ) gauge group [42] we find after Fierzing the effective contributions
shown in Table III. Baryon number and lepton number are conserved in the interactions. Note that
models S1 and S2 contain two couplings each. Leptoquark effects in S1 have been discussed in [43].
We uniformly denote by M the mass of the leptoquarks but note that they differ in general
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⊂ LLQ (SU(3)C , SU(2)L, Y ) effective vertices(
λS1LQ
T
Liτ2LL + λS1RqRlR
)
S†1 (3, 1,−1/3) −
(
λ
(ql′)
S1R
)∗
λ
(q′l)
S1R
2m2S1
(q¯Rγµq
′
R)
(
l¯Rγ
µl′R
)
−
(
λ
(ql′)
S1L
)∗
λ
(q′l)
S1L
2m2S1
(q¯Lγµq
′
L)
(
l¯Lγ
µl′L
)
−
(
λ
(ql′)
S1R
)∗
λ
(q′l)
S1L
2m2S1
(q¯Lq
′
R)
(
l¯Ll
′
R
)
−
(
λ
(ql′)
S1L
)∗
λ
(q′l)
S1R
2m2S1
(q¯Rq
′
L)
(
l¯Rl
′
L
)
−
(
λ
(ql′)
S1R
)∗
λ
(q′l)
S1L
8m2S1
(q¯σµνq
′)
(
l¯Lσ
µν l′R
)
−
(
λ
(ql′)
S1L
)∗
λ
(q′l)
S1R
8m2S1
(q¯σµνq
′)
(
l¯Rσ
µν l′L
)
(
λS2Lq¯RLL + λS2RQ¯Liτ2lR
)
S†2 (3, 2,−7/6) −
λ
(ql′)
S2R
(
λ
(q′l)
S2R
)∗
2m2S2
(q¯Lγµq
′
L)
(
l¯Rγ
µl′R
)
−λ
(ql′)
S2L
(
λ
(q′l)
S2L
)∗
2m2S2
(q¯Rγµq
′
R)
(
l¯Lγ
µl′L
)
−λ
(ql′)
S2R
(
λ
(q′l)
S2L
)∗
2m2S2
(q¯Lq
′
R)
(
l¯Ll
′
R
)
−λ
(ql′)
S2L
(
λ
(q′l)
S2R
)∗
2m2S2
(q¯Rq
′
L)
(
l¯Rl
′
L
)
−λ
(ql′)
S2R
(
λ
(q′l)
S2L
)∗
8m2S2
(q¯σµνq
′)
(
l¯Lσ
µν l′R
)
−λ
(ql′)
S2L
(
λ
(q′l)
S2R
)∗
8m2S2
(q¯σµνq
′)
(
l¯Rσ
µν l′L
)
(
λS3Q
T
Liτ2~τLL
) · ~S3† (3, 3,−1/3) −(λ(ql′)S3 )∗λ(q′l)S32m2S3 (q¯Lγµq′L) (l¯Lγµl′L)
λV˜1 q¯RγµlR
(
V˜ µ1
)†
(3, 1,−5/3) λ
(ql′)
V˜1
(
λ
(q′l)
V˜1
)∗
m2
V˜1
(q¯Rγµq
′
R)
(
l¯Rγ
µl′R
)
λV2QLγµlR (V
µ
2 )
†
(3, 2,−5/6)
(
λ
(ql′)
V2
)∗
λ
(q′l)
V2
m2V2
(q¯Lγµq
′
L)
(
l¯Rγ
µl′R
)
λV˜2qRγµLL
(
V˜ µ2
)†
(3, 2, 1/6)
(
λ
(ql′)
V˜2
)∗
λ
(q′l)
V˜2
m2
V˜2
(q¯Rγµq
′
R)
(
l¯Lγ
µl′L
)
λV3Q¯Lγµ~τLL ·
(
~V3
µ
)†
(3, 3,−2/3) 2λ
(ql′)
V3
(
λ
(q′l)
V3
)∗
m2V3
(q¯Lγµq
′
L)
(
l¯Lγ
µl′L
)
TABLE III: Leptoquark-fermion interactions, quantum numbers, with hypercharge Y = Qe − T3, and
effective c → u(l′)+l− vertices via Fierz identities. τa, a = 1, 2, 3 denote the Pauli matrices, and ~τ · ~X =∑
a τaXa for X = S3, V3. SM SU(2)L-doublets are Q(3, 2, 1/6) and L(1, 2,−1/2), q, q′ = u, c, and l, l′ = e, µ.
depending on the representation. We assume degenerate SU(2)L-plet masses to comply with the
constraints from oblique parameters [44]. Our effective vertices agree with and extend those in [45]
by considering tensor operators and relative signs. The Wilson coefficients induced by tree-level
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leptoquark exchanges read as
C9,10 =
√
2pi
GFαe
k9,10
λIi
(
λJi
)∗
M2
, C ′9,10 =
√
2pi
GFαe
k′9,10
λIj
(
λJj
)∗
M2
, (36)
CS = CP =
√
2pi
GFαe
kS,P
λIi
(
λJj
)∗
M2
, C ′S = −C ′P =
√
2pi
GFαe
k′S,P
λIj
(
λJi
)∗
M2
,
CT =
√
2pi
GFαe
kT
λIi
(
λJj
)∗
M2
+
λIj
(
λJi
)∗
M2
 , CT5 = √2pi
GFαe
kT5
λIi
(
λJj
)∗
M2
− λ
I
j
(
λJi
)∗
M2
 ,
where i, j = L,R; such indices are nontrivial for scenarios S1 and S2 only, which have two different
couplings λL,R each. The correct values of i, j can also be read off from Table III. The coefficients
kx are given in Table IV.
I J i j k9 k10 k
′
9 k
′
10 kS,P k
′
S,P kT kT5
S1 (cl) (ul) L R − 14 14 − 14 − 14 − 14 − 14 − 18 − 18
S2 (ul) (cl) R L − 14 − 14 − 14 14 − 14 − 14 − 18 − 18
S3 (cl) (ul) L – − 14 14 0 0 0 0 0 0
V˜1 (ul) (cl) – R 0 0 12
1
2 0 0 0 0
V2 (cl) (ul) R – 12
1
2 0 0 0 0 0 0
V˜2 (cl) (ul) – L 0 0 12 − 12 0 0 0 0
V3 (ul) (cl) L – 1 −1 0 0 0 0 0 0
TABLE IV: Coefficient matrix for the leptoquark Wilson coefficients (36) inducing c→ ull.
C. Leptoquark Phenomenology
Experimental constraints on leptoquark couplings are worked out in App. F. While generically
|λ(ql)| . O(0.1) [M/TeV] for any coupling to the first two generations and for any scenario of Table
III, several flavor-combinations are more severely constrained. In addition, bounds for specific
models making use of correlations can be much stronger.
The |∆C| = |∆U | = 1 couplings in leptoquark scenarios involving doublet-quarks Q are subject
to constraints from the kaon sector (Table XV). Corresponding limits on the Wilson coefficients
for c → ull(′) are given in Table V. Only the scenarios V˜1 and V˜2, as well as the S1|R and S2|L
couplings do not receive such constraints, hence allow in general for larger effects for c → ull,
however, decouple without further input from the K- and B-sector.
Products of two Wilson coefficients are constrained by the strong limits on µ− e conversion and
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(ee) (eµ), (µe) (µµ)
S1|L . 4 · 10−3 . 4 · 10−3 . 4 · 10−3
S2|R, V2 . 3 · 10−2 . 2 · 10−4 . 4 · 10−3
S3, V3 . 4 · 10−3 . 2 · 10−4 . 4 · 10−3
TABLE V: Upper limits on the c → ull(′) Wilson coefficients |C(′)9,10| abbreviated as (ll(′)) in leptoquark
scenarios from kaon decays. For S1,2 the limits apply to the indicated handedness of couplings only.
µ→ eγ, see Table VI. Future experiments on µ→ eγ [46] and µ−e conversion [47, 48] can improve
the limits by at least two orders of magnitude.
(ee)(µµ), (eµ)(µe)
S1 . 2 · 10−7
S2 . 8 · 10−8
S3, V˜1, V2, V˜2, V3 . 6 · 10−8
S1|LR, S2|LR . 2 · 10−10
TABLE VI: Upper limits on the products of two c → ull(′) Wilson coefficients |C(e)(′)i C(µ)(′)i |, "(ee)(µµ)",
and |K(e)(′)i K(µ)(′)i |, "(eµ)(µe)", from µ− e conversion and µ→ eγ. The LR-mixing constraints in scenarios
S1,2 are stronger than the unmixed ones and are given in the last row.
Further bounds and correlations depend on the flavor structure. To make progress here we
study benchmark patterns of leptoquark coupling matrices λ put forward in [49] for quark-L-type
Yukawa couplings based on flavor symmetries. Rows label quark flavors and columns label lepton
flavors. The use of discrete non-abelian symmetries for the leptons, specifically A4 [50, 51], results
in textures with "ones" and "zeros", very different from hierarchical ones in Froggatt-Nielsen U(1)-
models [52]. In this work we are mainly concerned with the first two generations, so our terminology
reflects features of the upper left two-by-two submatrix of λ. With the exception of D0 → τe and
c → uνν¯, the third (τ, ντ ) column is irrelevant to our study. Similar statements hold for the third
(t, b) row, which is relevant to B-physics, and is linked to charm physics via flavor. We define
i) a hierarchical flavor pattern with suppression factors for electrons, κ, and first and second
generation quarks, ρd and ρ, respectively,
λi ∼

ρdκ ρd ρd
ρκ ρ ρ
κ 1 1
 , (37)
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ii) a single lepton pattern with negligible electron couplings
λii ∼

0 ∗ 0
0 ∗ 0
0 ∗ 0
 , (38)
and iii) a (first two) generation-diagonal "skewed" pattern, that is, λ(uµ) and λ(ce) are negligible
λiii ∼

∗ 0 0
0 ∗ 0
0 ∗ 0
 . (39)
The patterns i) and ii) have been explicitly obtained in models where quarks are A4-singlets,
hence apply to all uR, dR and Q fields coupling to lepton doublets.2 Extension of [49] to include
lepton singlets as well as the skewed patterns iii) and iv), the latter defined in Eq. (41), is not as
straightforward and requires further model building, which is beyond the scope of this work. (Note
that skewed patterns have been obtained by assigning different quark generations to different A4
singlet representations [49].)
Upper limits on rare charm branching fractions for different flavor patterns are given in Table VII.
Here, for patterns ii) and iii) we distinguish between leptoquark scenarios which can escape kaon
bounds, S1,2, V˜1,2, ii.1) and iii.1), and those subject to kaon bounds, S3, V2,3, ii.2) and iii.2). If κ
is small the hierarchical flavor pattern i) effectively reduces to pattern ii).
The c→ ue+e− Wilson coefficients vanish in patterns ii) and iii). In pattern i) they are driven
by ρdρκ2, and correlated with LFV, hence subject to the bounds in Table VI. We find that no BSM
signal can be seen in c→ ue+e− branching ratios.
In pattern ii.1) the muon Wilson coefficients are constrained byD+ → pi+µ+µ− andD0 → µ+µ−
as discussed in Sec. III A. For ii.2) the constraints on the muon Wilson coefficients are given in
Table V. In case of iii) the c→ uµ+µ− Wilson coefficients vanish.
The dineutrino mode is induced in S2,3, V˜2 and V3 models because those contain the requisite
electromagnetic charge +2/3e leptoquark. The decay D → piνν¯ has backgrounds from D → τ(→
piν)ν¯, which can be controlled by kinematic cuts q2 > (m2τ −m2pi+)(m2D+ −m2τ )/m2τ ' 0.34GeV2
[18, 53].
The LFV transition c → uµ−e+ (c → uµ+e−) is mediated by a generation-diagonally coupling
leptoquark with electric charge 5/3e (−1/3e). Therefore, for case iii) either, for charge −1/3e,
2 We thank Ivo de Medeiros Varzielas for confirmation.
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B(D0 → µ−e+) and B(D¯0 → µ+e−) vanish, or, for charge 5/3e, B(D0 → µ+e−) and B(D¯0 → µ−e+)
vanish. Analogous statements hold forD+ → pi+e±µ∓ decays. For iii.1) the LFVWilson coefficients
are . O(1 − 10), see Eq. (35), and for iii.2) the constraints on the LFV Wilson coefficients from
Table V apply. For ii) the LFV Wilson coefficients vanish.
B(D+ → pi+µ+µ−) B(D0 → µ+µ−) B(D+ → pi+e±µ∓) B(D0 → µ±e∓) B(D+ → pi+νν¯)
i) SM-like SM-like . 2 · 10−13 . 7 · 10−15 . 3 · 10−13
ii.1) . 7 · 10−8 (2 · 10−8) . 3 · 10−9 0 0 . 8 · 10−8
ii.2) SM-like . 4 · 10−13 0 0 . 4 · 10−12
iii.1) SM-like SM-like . 2 · 10−6 . 4 · 10−8 . 2 · 10−6
iii.2) SM-like SM-like . 8 · 10−15 . 2 · 10−16 . 9 · 10−15
TABLE VII: Branching fractions for the full q2-region (high q2-region) for different classes of leptoquark
couplings, see text. Summation of neutrino flavors is understood. "SM-like" denotes a branching ratio which
is dominated by resonances or is of similar size as the resonance-induced one. All c → ue+e− branching
ratios are "SM-like" in the models considered. Note that in the SM B(D0 → µµ) ∼ 10−13 [18].
Complex couplings are additionally constrained by electron and neutron electric dipole moments
as Im[C(e)i ] . 4 · 10−9 and Im[C(µ)i ] . 4 · 10−6, i = S, P, T, T5, respectively. The D+ → pi+µ+µ−
CP-asymmetry in the rate, Eq. (23), is shown for the muons-only pattern ii) in Fig. 4. Around
the φ-resonance (left-handed plots), ACP scales with the BSM coefficient ∆9, as the normalization
is driven by the resonances, CR9 , for any BSM coefficient. At high q2 (right-handed plots) the
normalization depends on the value of ∆9. In the plot to the upper right the normalization is set by
∆9, hence ACP becomes inversely proportional to ∆9. In the plot to the lower right, corresponding
to a scenario with smaller BSM effects, ii.2), the normalization is again dominated by the resonances.
Despite the constrained Wilson coefficients the CP-asymmetry can be sizable around the φ and
above in the high q2-region, in which |ACP | drops towards the endpoint. If measured around the
φ, a sizable CP-asymmetry, while assuming different values, can arise independent of the strong
phases. For the hierarchical pattern i) |ACP | is . 0.003 on the φ-resonance and . 0.03 at high q2.
Interestingly, there exists an opportunity to also study τ -lepton couplings in charm, with D0 →
τ±e∓ decays. The corresponding branching fractions can be inferred from Eq. (D6); the phase
space suppression relative to D0 → µ±e∓ is about 8 · 10−3. We find, approximately,
B(D0 → τ±e∓) ' 5 · 10−9
( ∣∣∣1.3(K(e,τ)S −K(e,τ)′S )∓ (K(e,τ)9 −K(e,τ)′9 )∣∣∣2
+
∣∣∣1.3(K(e,τ)P −K(e,τ)′P )+ (K(e,τ)10 −K(e,τ)′10 )∣∣∣2) . (40)
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FIG. 4: The direct CP-asymmetry ACP (D+ → pi+µ+µ−) normalized to [q2min = (mφ − 5Γφ)2, q2max =
(mφ + 5Γφ)
2] (left plots) and [q2min = 1.25
2GeV2, q2max = (mD+ −mpi+)2] (right plots) in case of ii.1) (upper
plots) and ii.2) (lower plots) for independent relative strong phases δρ,φ ∈ {0, pi/2, pi, 3pi/2}. From yellow
(upper curves above φ) to red (lower curves above φ) each bunch represents δφ = pi/2, pi, 0, 3/2pi.
The limits on the decays τ → eγ and τ → eee are not competitive with those involving
muons, however, SU(2)-relations imply constraints on LFV. For (axial)vector couplings they read
|K(e,τ)(′)9,10 | . 0.2 (B(τ → eK)), significantly weaker than |K(e,τ)9,10 | . 4 · 10−3 (B(K+ → pi+ν¯ν)) and
for (pseudo)scalar Wilson coefficients |K(e,τ)(′)S,P | . 7 · 10−3 (B(K+ → e¯ν)) [54]. The hierarchical
flavor pattern yields B(D0 → τ±e∓) . 7 · 10−15, while the others, ii) and iii), give vanishing rates.
One flavor pattern in which the SU(2)-related constraints are absent and which can signal LFV
BSM D0 → τ±e∓ decays, is another skewed one, inspired by [49],
λiv ∼

0 0 ∗
∗ 0 0
∗ 0 0
 . (41)
This pattern results in SM-like lepton-diagonal c→ ul+l−, l = e, µ and vanishing flavor off-diagonal
c→ ue±µ∓ modes, while B(D → piνν¯) can exceed the upper limits given in Table VII. Other flavor
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patterns result in a different phenomenology, hence, if measured, this allows to learn about flavor.
IV. SUMMARY
Rare charm decays into leptons offer genuine avenues to search for BSM physics despite notorious
resonance backgrounds. Semileptonic branching ratios D → pil+l− can signal BSM physics above
the φ-resonance right around the current experimental limit for large BSM contributions, see Fig. 3.
CP-asymmetries, assisted by the resonances, observables in the angular distribution, dineutrino
modes and LFV ones can signal BSM physics for much smaller BSM contributions, because those
correspond to SM null tests. Model-independent constraints are given in Sec. III A.
We work out correlations in several flavor benchmarks for scalar and vector leptoquark scenarios
that induce c → ull(′) modes. The main results on the leptoquark phenomenology are given in
Sec. III C. We find that hierarchical flavor patterns such as (37) allow only for rather limited effects
in charm due to the correlations with other sectors which are subject to strong constraints. Other
flavor patterns can give larger effects in branching ratios for decays into dimuons, dineutrinos and
LFV ones, see Table VII. The CP-asymmetry in the D+ → pi+µ+µ− rate provides an opportunity
to probe new physics even for rather suppressed couplings in case of leptoquarks coupling to SU(2)-
doublet quarks, see the lower two plots in Fig. 4. Such asymmetries may show up, for instance,
with leptoquarks S3(3, 3,−1/3) with electron couplings sufficiently suppressed, a model that can
also accommodate recent LNU hints in rare B → Kl+l− decays [7, 8].
The benchmark patterns studied in this work do not exhaust the flavor model space. We
emphasize the importance of searches for FCNCs into dineutrinos and LFV, including D0 → τ±e∓
decays. Further experimental and theoretical study is needed to progress with the quest for BSM
and flavor physics.
Note added: Soon after we published this paper on the arXiv a related analysis [55] appeared.
Note also that the recent LHCb bound B(D0 → e±µ∓) < 1.3 · 10−8 at 90 % CL [56] that appeared
while this paper has been under review starts to constrain certain leptoquark flavor scenarios, see
Table VII. Furthermore, the measurement of B(D+ → ωpi+) reported in a recent preprint by BES
III [57] yields aω = 0.032+0.006−0.007GeV
2, somewhat lower than isospin prediction reported around
Eq. (22).
20
Acknowledgements
We thank Christoph Bobeth, Zoltan Ligeti, Bastian Müller and Dirk Seidel for useful comments
on the manuscript. GH is grateful to the Kavli Institute for Theoretical Physics at Santa Barbara
where parts of this project have been done for kind hospitality. This project is supported in part
by the DFG Research Unit FOR 1873 “Quark Flavour Physics and Effective Field Theories” and
the National Science Foundation under Grant No. NSF PHY11-25915.
Appendix A: Parameters
MS masses are taken from [31]
mt(mt) = 160
+5
−4 GeV , mb(mb) = 4.18± 0.03 GeV , (A1)
mc(mc) = 1.275± 0.025 GeV , ms(2 GeV) = 0.095± 0.005 GeV . (A2)
The NNLO running, decoupling at flavor thresholds and quark pole mass are taken from [59].
The CKM matrix is given by the UTfit collaboration [58]. The inclusive semileptonic branching
fractions are given by the PDG [31], where we use B(D → Xl+νl) = B(D → Xl+), consistent
with [60], and employ B(D+s → Xµ+νµ) ' B(D+s → Xe+νe). The particle masses, widths and
branching fractions are given by the PDG [31]. The decay constants are given by the FLAG
[61] fD = 0.2092 ± 0.0033GeV , fD+s = 0.2486 ± 0.0027GeV . The bag parameter is [62] BD0(µ =
3GeV) = 0.757±0.028. We update the nuclear weak charge of cesium [63, 64] using [31] ∆Qw(Cs) =
0.69± 0.44, where ∆Qw = Qexpw −QSMw .
The leptonic pion decay ratio Rexpe/µ = Γ(pi
+ → (e+νe + e+νeγ))/Γ(pi+ → (µ+νµ + µ+νµγ)) =
(1.230± 0.004) · 10−4 [31], RSMe/µ = (1.2352± 0.0001) · 10−4 [65] and, thus we find ∆Re/µ = (−5.0±
4.0) · 10−7. The anomalous magnetic moment of the electron is [66] ∆a(e) = (−0.91± 0.82) · 10−12.
Moreover [31]
∆a(µ) = (288± 63± 49) · 10−11 , (A3)
|mD01 −mD02 | = (0.95
+0.41
−0.44) · 1010 s−1 , (A4)
B(D+ → µ+νµ) = (3.82± 0.33) · 10−4 , (A5)
B(D+s → µ+νµ) = (5.56± 0.25) · 10−3 (A6)
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and at CL=90% [31]
d(n) < 0.29 · 10−25 e cm , (A7)
d(e) < 10.5 · 10−28 e cm , (A8)
B(pi+ → µ+νe) < 8.0 · 10−3 , (A9)
B(µ− → e−γ) < 5.7 · 10−13 , (A10)
B(µ− → e−e+e−) < 1.0 · 10−12 , (A11)
Γ(µ−Ti→ e−Ti)/Γcapture(µ−Ti) < 4.3 · 10−12 , (A12)
Γ(µ−Au→ e−Au)/Γcapture(µ−Au) < 7 · 10−13 , (A13)
where Γcapture(µ−Ti) = 2.59 · 106 s−1 and Γcapture(µ−Au) = 13.07 · 106 s−1 [67].
Appendix B: Effective Wilson Coefficients
In this appendix we give auxiliary functions and coefficients of the effective Wilson coefficients
defined in Sec. II A. We find
L(m2, q2) =
5
3
+ ln
µ2c
m2
+ x− 1
2
(2 + x)|1− x|1/2

ln 1+
√
1−x
1−√1−x − ipi x ≡
(2m)2
q2
< 1
2 tan−1
[
1√
x−1
]
x ≡ (2m)2
q2
> 1
(B1)
and in the limit m2 = 0
L(0, q2) =
5
3
+ ln
µ2c
q2
+ ipi . (B2)
We take from [12]
f(ρ) = − 1
243
(
(3672− 288pi2 − 1296ζ3 + (1944− 324pi2) ln ρ+ 108 ln2 ρ+ 36 ln3 ρ)ρ
+ 576pi2ρ
3
2 + (324− 576pi2 + (1728− 216pi2) ln ρ+ 324 ln2 ρ+ 36 ln3 ρ)ρ2
+ (1296− 12pi2 + 1776 ln ρ− 2052 ln2 ρ)ρ3)
− 4pii
81
(
(144− 6pi2 + 18 ln ρ+ 18 ln2 ρ)ρ+ (−54− 6pi2 + 108 ln ρ+ 18 ln2 ρ)ρ2
+ (116− 96 ln ρ)ρ3)
− 92
81
ln
µ2c
m2c
+
983
243
+
52
81
pii+O ((ρ ln ρ)4) , (B3)
where we find the constant terms from [68]. From [16] we obtain
y(7) =
{
0, 0,
2
3
,
8
9
,
40
3
,
160
9
}
, y(8) =
{
0, 0, 1,−1
6
, 20,−10
3
}
(B4)
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and [25]
F
(7)
8 (ρ) =
8pi2
27
(2 + ρ)
(1− ρ)4 −
8
9
(
11− 16ρ+ 8ρ2)
(1− ρ)2 −
16
9
√
ρ
√
4− ρ
(1− ρ)3
(
9− 5ρ+ 2ρ2) arcsin √ρ
2
− 32
3
(2 + ρ)
(1− ρ)4 arcsin
2
√
ρ
2
− 16
9
ρ
(1− ρ) ln ρ−
32
9
ln
µ2c
m2c
− 16
9
pii , (B5)
F
(9)
8 (ρ) = −
16pi2
27
(4− ρ)
(1− ρ)4 +
16
9
(5− 2ρ)
(1− ρ)2 +
32
9
√
4− ρ√
ρ(1− ρ)3
(
4 + 3ρ− ρ2) arcsin √ρ
2
+
64
3
(4− ρ)
(1− ρ)4 arcsin
2
√
ρ
2
+
32
9
1
(1− ρ) ln ρ . (B6)
Appendix C: Form Factors
We parametrize the hadronic matrix elements in terms of the form factors fi(q2), i = +, T, 0,
〈P (pP )|u¯γµc|D(pD)〉 = f+(q2)
(
pµ − m
2
D −m2P
q2
qµ
)
+ f0(q
2)
m2D −m2P
q2
qµ , (C1)
〈P (pP )|u¯σµν(1± γ5)c|D(pD)〉 = ifT (q
2)
mD
(pµqν − qµpν ± iµνρσpρqσ) , (C2)
where qµ = (pD − pP )µ = (pl+ + pl−)µ and pµ = (pD + pP )µ. For D0 → pi0 the form factors are
scaled fi → fi/
√
2 by isospin. The heavy-to-light form factors are related within the Heavy Quark
Effective Theory by means of a heavy quark spin symmetry [69, 70]. At low recoil [71]
fT (q
2) =
m2D
q2
(
1− αs
pi
1
3
ln
µ2c
m2c
)
f+(q
2) +O
(
ΛQCD
mc
, α2s
)
. (C3)
The breaking of the heavy quark spin symmetry at large recoil reads [72]
fT (q
2) =
(
1 +
αs
pi
(
−2
3
2E
mD − 2E ln
2E
mD
− 1
3
ln
µ2c
m2c
))
f+(q
2) , (C4)
where E = (m2D −m2P − q2)/(2mD). In our analysis we interpolate between (C4) and (C3) and
take f0 from a lattice calculation [73]. For the residual form factor we use the z-expansion [26]
f+(q
2) =
1
φ(q2, t0)
∞∑
i=0
ai(t0)
(
z(q2, t0)
)i
, (C5)
with
z(q2, t0) =
√
t+ − q2 −√t+ − t0√
t+ − q2 +√t+ − t0
, t± = (mD ±mP )2 , t0 = t+
(
1−
√
1− t−
t+
)
, (C6)
φ(q2, t0) =
√
pim2c
3
(√
t+ − q2 +
√
t+ − t0
) t+ − q2
(t+ − t0)1/4
(√
t+ − q2 +√t+ − t−
)3/2
(√
t+ − q2 +√t+
)5 . (C7)
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Assuming isospin symmetry, we employ the parameters to second order as given by HFAG [26]
f+(0) |Vcd| = 0.1425± 0.0019 , r1 = −1.94± 0.19 , r2 = −0.62± 1.19 , (C8)
where ri ≡ ai/a0 and mi = (mi+ +mi0)/2. Lattice computations for f+(q2) [73] are consistent with
[26], and find insensitivity of f+ to the spectator quark. We therefore use identical numerics for
D → pi and Ds → K form factors. The form factors as used in our analysis are shown in Fig. 5. We
do not take into account uncertainties in f0, which are . 10% [73] as this enters BSM predictions
only, and because they are negligible in view of other uncertainties.
FIG. 5: The solid black line denotes f+ within its gray uncertainty band, the dashed blue curve denotes
fT (µc = mc) as derived from Eqs. (C4), (C3) and the dotted purple curve denotes f0 as calculated on the
lattice [73]. Uncertainties for fT that follow from the parametric ones of f+ are not shown to avoid clutter,
but are included in our analysis.
Appendix D: Exclusive Charm Decay Observables
Here we give the observables for exclusive charm decays used in our analysis. The form factors
fi are defined in App. C. We neglect non-factorizable terms. The D → Pll distributions are in
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agreement with [34]. The dilepton spectrum reads
dΓ
dq2
=
G2Fα
2
e
1024pi5m3D
(
2
3
((|C9|2 + |C10|2) f2+ + 4|C7|2f2T m2cm2D + 4Re [C7C∗9 ] fT f+ mcmD
)
× λ(m2D,m2P , q2)
(
1 +
2m2l
q2
)
+ |C10|2
(
−f2+λ(m2D,m2P , q2) + f20
(
m2D −m2P
)2) 4m2l
q2
+
(|CS |2 (q2 − 4m2l )+ |CP |2q2) f20 (m2D −m2P )2m2c
+
4
3
(|CT |2 + |CT5|2) f2T q2λ(m2D,m2P , q2)m2D
(
1− 4m
2
l
q2
)
+ 8Re
[(
C9f+ + 2C7fT
mc
mD
)
C∗T
]
fT
λ(m2D,m
2
P , q
2)
mD
ml
+ 4Re [C10C
∗
P ] f
2
0
(
m2D −m2P
)2
mc
ml
+ 16|CT |2f2T
λ(m2D,m
2
P , q
2)
m2D
m2l
)√
λ(m2D,m
2
P , q
2)
(
1− 4m
2
l
q2
)
, (D1)
where λ(a, b, c) = a2+b2+c2−2ab−2ac−2bc. The differential lepton forward-backward asymmetry
defined as the asymmetry between forward minus backward flying l− in the dilepton center of mass
frame relative to the recoiling P reads
AFB(q
2) = N
G2Fα
2
e
512pi5m3D
(
Re [(CSC
∗
T + CPC
∗
T5)] fT
m2D −m2P
mcmD
q2
+ Re
[(
C9f+ + 2C7fT
mc
mD
)
C∗S
]
m2D −m2P
mc
ml
+ 2Re [C10C
∗
T5] fT
m2D −m2P
mD
ml
)
f0λ(m
2
D,m
2
P , q
2)
(
1− 4m
2
l
q2
)
. (D2)
For vanishing lepton masses the flat term [34] reads
FH(q
2) = N
G2Fα
2
e
2048pi5m3D
((|CS |2 + |CP |2) f20 (m2D −m2P )2m2c
+ 4
(|CT |2 + |CT5|2) f2T λ(m2D,m2P , q2)m2D
)
q2
√
λ(m2D,m
2
P , q
2) +O(ml) , (D3)
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where N−1 =
∫ q2max
q2min
dq2 dΓ/dq2. For the LFV D → Peµ decay distributions we obtain, for me = 0,
dΓ(D+ → P+e±µ∓)
dq2
=
G2Fα
2
e
1024pi5m3D
√
λ(m2D,m
2
P , q
2)
(
2
3
(|K9|2 + |K10|2) f2+λ(m2D,m2P , q2)
+
(|KS |2 + |KP |2) f20 (m2D −m2P )2m2c q2
+
4
3
(|KT |2 + |KT5|2) f2T q2λ(m2D,m2P , q2)m2D
+ 2Re [±K9K∗S +K10K∗P ] f20
(
m2D −m2P
)2
mc
mµ
+ 4Re [K9K
∗
T ±K10K∗T5] fT f+
λ(m2D,m
2
P , q
2)
mD
mµ
)
+O (m2µ) , (D4)
where Ki = K
(µ)
i and the plus signs for D
+ → P+e+µ−, and Ki = K(e)i and the minus signs for
D+ → P+e+µ−. Compared to Eq. (D1), additional vector-scalar and axialvector-axialtensor are
present in Eq. (D4).
All Wilson coefficients except for those of the tensors in Eqs. (D1)-(D4) are tacitly understood
as Ci → Ci + C ′i and Ki → Ki +K ′i, that is, primed Wilson coefficients are added.
The D0 → l+l− branching fraction can be inferred from [34]
B(D0 → l+l−) = G
2
Fα
2
em
5
D0f
2
D0
64pi3ΓD0
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1− 4m
2
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2
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∣∣∣∣2
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∣∣∣∣CP − C ′Pmc + 2mlm2D0 (C10 − C ′10)
∣∣∣∣2) . (D5)
The LFV ones read, for me = 0,
B(D0 → e−µ+) = G
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Appendix E: Non-resonant SM c→ ull Branching Fractions
In this appendix we provide our predictions for the non-resonant SM branching fractions of the
inclusive c→ ull decays and exclusive D → Pll modes. In our analysis uncertainties due to power
26
corrections are not included. Electroweak corrections, which are subleading relative to QCD-ones,
are neglected. For the D → Pll modes we integrate the branching fractions over different dilepton
masses,
√
q2 ≥ 2ml (Table VIII), 0.250GeV ≤
√
q2 ≤ 0.525GeV (Table IX) and
√
q2 ≥ 1.25GeV
(Table X).
mode branching fraction 90% CL limit [31]
D+ → pi+e+e− 4.6 · 10−12 (±1,+2−1 ,+14−13 ,±1,+5−1 ,+210−3 ,+13−10 ) 1.1 · 10−6
D+ → pi+µ+µ− 3.7 · 10−12 (±1,±3,+16−15 ,±1,+3−1 ,+158−1 ,+16−12 ) 7.3 · 10−8
D0 → pi0e+e− 9.1 · 10−13 (±1,±1,+14−13 ,±1,+5−1 ,+211−2 ,+13−10 ) 4.5 · 10−5
D0 → pi0µ+µ− 7.3 · 10−13 (±1,±3,+16−15 ,±1,+3−1 ,+159−1 ,+16−12 ) 1.8 · 10−4
D+s → K+e+e− 1.7 · 10−12 (±2,+4−3 ,+13−12 ,+7−1 ,+8−1 ,+228−7 ,+10−8 ) 3.7 · 10−6
D+s → K+µ+µ− 1.2 · 10−12 (±2,+2−1 ,+16−15 ,±2,+4−1 ,+167−1 ,+13−10 ) 2.1 · 10−5
TABLE VIII: Non-resonant SM branching fractions for
√
q2 ≥ 2ml of D → Pll decays normalized to
the width. Non-negligible uncertainties are labeled by (normalization, mc, ms, µW , µb, µc, f+) given in
percentage, where mW,b/2 ≤ µW,b ≤ 2mW,b and mc/
√
2 ≤ µc ≤
√
2mc.
mode branching fraction 90% CL limit [27]
D+ → pi+e+e− 8.1 · 10−13 (±1,+5−4 ,+23−22 ,+11−12 ,+10−1 ,+247−24 ,±5) –
D+ → pi+µ+µ− 7.4 · 10−13 (±1,±4,+23−21 ,+10−11 ,+10−1 ,+238−23 ,+6−5 ) 2.0 · 10−8
D0 → pi0e+e− 1.6 · 10−13 (±1,+5−4 ,+23−22 ,+11−12 ,+10−1 ,+247−24 ,±5) –
D0 → pi0µ+µ− 1.5 · 10−13 (±1,±4,+23−21 ,+10−11 ,+10−1 ,+238−22 ,+6−5 ) –
D+s → K+e+e− 3.6 · 10−13 (±2,±5,+23−22 ,+12−13 ,+11−1 ,+248−21 ,±5) –
D+s → K+µ+µ− 3.3 · 10−13 (±2,±5,+23−22 ,+12−13 ,+11−1 ,+239−20 ,+6−5 ) –
TABLE IX: As in Table VIII but for the low q2-region, 0.250GeV ≤
√
q2 ≤ 0.525GeV.
mode branching fraction 90% CL limit [27]
D+ → pi+l+l− 7.4 · 10−13 (±1,±6,+15−14 ,±6,+0−1 ,+136−45 ,+27−20 ) 2.6 · 10−8 (l = µ)
D0 → pi0l+l− 1.4 · 10−13 (±1,±6,+15−14 ,±6,+0−1 ,+136−45 ,+27−20 ) –
D+s → K+l+l− 7.9 · 10−14 (±2,±6,+15−14 ,±6,+0−1 ,+133−45 ,+26−19 ) –
TABLE X: As in Table VIII but for the high q2-region,
√
q2 ≥ 1.25GeV, and l = e, µ.
Next, we obtain inclusive c → ull branching fractions. To leading order in the heavy quark
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expansion and neglecting lepton masses the q2-distribution reads [74]
dΓ(c→ ull)
dq2
=
G2Fα
2
em
3
c
768pi5
(
1− q
2
m2c
)2 [(
1 + 2
q2
m2c
)(|C9|2 + |C10|2)+ 4(2m2c
q2
+ 1
)
|C7|2
+ 12Re [C7C
∗
9 ]
]
, (E1)
where q2 = (pc − pu)2 = (pl+ + pl−)2 and (2ml)2 ≤ q2 ≤ m2c .
The matrix elements at NLO QCD are obtained as Ci → Ci(1 + αs/pi σi(q2/m2c)) [75] (and
references therein)
σ7(ρ) = −4
3
Li2[ρ]− 2
3
ln ρ ln[1− ρ]− 2
9
pi2 − ln[1− ρ]− 2
9
(1− ρ) ln[1− ρ] + 1
6
− 4
3
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m2c
, (E2)
σ9(ρ) = −4
3
Li2[ρ]− 2
3
ln ρ ln[1− ρ]− 2
9
pi2 − ln[1− ρ]− 2
9
(1− ρ) ln[1− ρ] + 3
2
, (E3)
where σ10 = σ9 and via Re[CiC∗j ]→ Re[CiC∗j ](1 + αs/pi τ (1)ij (q2/m2c))
τ
(1)
77 (ρ) = −
2
9(2 + ρ)
(
2(1− ρ)2 ln[1− ρ] + 6ρ(2− 2ρ− ρ
2)
(1− ρ)2 ln ρ+
11− 7ρ− 10ρ2
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, (E4)
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(1)
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4
9(1 + 2ρ)
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2(1− ρ)2 ln[1− ρ] + 3ρ(1 + ρ)(1− 2ρ)
(1− ρ)2 ln ρ+
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, (E5)
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9ρ
ln[1− ρ]− 4ρ(3− 2ρ)
9(1− ρ)2 ln ρ−
2(5− 3ρ)
9(1− ρ) , (E6)
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3(1− 3ρ) −
ρ(6− 7ρ) ln ρ
3(1− ρ)2 −
(3− 7ρ+ 4ρ2) ln[1− ρ]
9ρ
+
1
18(1− ρ)2
[
24
(
1 + 13ρ− 4ρ2)Li2[√ρ] + 12 (1− 17ρ+ 6ρ2)Li2[ρ] + 6ρ(6− 7ρ) ln ρ
+ 24(1− ρ)2 ln ρ ln[1− ρ] + 12 (−13 + 16ρ− 3ρ2) (ln[1−√ρ]− ln[1− ρ])
+ 39− 2pi2 + 252ρ− 26pi2ρ+ 21ρ2 + 8pi2ρ2 − 180√ρ− 132ρ√ρ] , (E7)
τ
(1)
910(ρ) = −
5
2
+
1
3(1− ρ) −
ρ(6− 7ρ) ln ρ
3(1− ρ)2 −
2(3− 5ρ+ 2ρ2) ln[1− ρ]
9ρ
− 1
18(1− ρ)2
[
48ρ(−5 + 2ρ)Li2[√ρ] + 24
(−1 + 7ρ− 3ρ2)Li2[ρ] + 6ρ(−6 + 7ρ) ln ρ
− 24(1− ρ)2 ln ρ ln[1− ρ] + 24 (5− 7ρ+ 2ρ2) (ln[1−√ρ]− ln[1− ρ])
− 21− 156ρ+ 20pi2ρ+ 9ρ2 − 8pi2ρ2 + 120√ρ+ 48ρ√ρ] , (E8)
28
where τ10 10 = τ99. We obtain the NNLO term δ(2)|C9|2 = |C9|2(αs/pi)2 τ (2)99 (q2/m2c) as [76]
τ
(2)
99 (ρ) =
1
(1− ρ)2 (1 + 2ρ)
[
2
(
2.854− 0.665ρ− 0.109ρ2 − 8.572ρ3 + 5.561ρ4 + 0.931ρ5)
+
2
3
(−0.063615 + 0.098146ρ+ 0.144642ρ2 − 0.307331ρ3 + 0.107417ρ4 + 0.020707ρ5)
+
16
9
(
3.575− 2.867ρ+ 2.241ρ2 − 12.027ρ3 + 11.564ρ4 − 2.489ρ5)
+ 4
(−8.151 + 2.990ρ− 3.537ρ2 + 36.561ρ3 − 42.275ρ4 + 23.899ρ5 − 9.494ρ6) ] . (E9)
We normalize to the c→ (d, s)lν width and the experimental branching fraction
dBD→Xull
dq2
=
B(D → X(d,s)lν)
Γc→(d,s)lν
dΓc→ull
dq2
(E10)
with [77]
Γc→(d,s)lν =
G2Fm
3
c
192pi3
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q∈{d,s}
|Vcq|2
(
X0(mq/mc) +
αs
pi
X1(mq/mc) +
(αs
pi
)2
X2(mq/mc)
)
, (E11)
where the functions Xi are given in [77]. Power corrections can be inferred from [78, 79]. They
are, however, not included in our numerical analysis, as the OPE breaks down for large q2 when
the inclusive decay ceases to be inclusive but rather degenerates into few exclusive modes. Yet, the
power corrections in the region where the OPE works are a small effect on the uncertainty budget
at low q2. A comprehensive treatment of the full q2-region is beyond the scope of this work. Our
resulting inclusive c→ ull branching fractions are compiled in Table XI.
mode branching fraction
D+ → X+u e+e− 9.4 · 10−10 (±2,+7−6 ,+16−14 ,±7,±1,+109−43 )
D+ → X+u µ+µ− 2.0 · 10−10 (±19,+5−5 ,+15−14 ,+8−7 ,±1,+120−40 )
D0 → X0ue+e− 3.8 · 10−10 (±2,+7−6 ,+16−14 ,±7,±1,+109−43 )
D0 → X0uµ+µ− 7.7 · 10−11 (±9,+5−5 ,+15−14 ,+8−7 ,±1,+120−40 )
D+s → X+u e+e− 3.8 · 10−10 (±7,+7−6 ,+16−14 ,±7,±1,+109−43 )
D+s → X+u µ+µ− 7.5 · 10−11 (±7,+5−5 ,+15−14 ,+8−7 ,±1,+120−40 )
TABLE XI: Non-resonant SM branching fractions for
√
q2 ≥ 2ml of D → Xull decays normalized to
D → Xd,slν and vanishing lepton masses except for the lower cut. Non-negligible uncertainties are labeled
by (normalization, mc, ms, µW , µb, µc) given in percentage, where mW,b/2 ≤ µW,b ≤ 2mW,b and mc/
√
2 ≤
µc ≤
√
2mc.
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Appendix F: Leptoquark Constraints
In this appendix we provide constraints on the couplings of the scalar and vector leptoquarks
of Table III. Collider experiments find M & 1 TeV [80, 81], thus we use M = 1TeV as reference.
We neglect RGE effects from M to µW and further to µc noting that Q9 and Q10 do not scale and
CS,P (µ ∼ 1TeV) ' 0.5CS,P (µ ∼ µc) and CT,T5(µ ∼ 1TeV) ' 1.3CT,T5(µ ∼ µc) at one-loop QCD
[34]. Neglecting such effects is within the accuracy aimed at in this work. We do not constrain
non-gauge vector leptoquarks, which could depend on the cutoff-scale within some model [45]. We
first list the constraints on the couplings and the related observables for scalar (Tables XII and XIII)
and vector (Table XIV) leptoquarks. Our constraints are consistent with, update and extend those
of [45, 54] and we note that quark doublet couplings are additionally constrained by kaon physics
[45, 54]. Results are given in Table XV. Next, we calculate the constraints of Tables XII-XIV,
where the experimental limits are given in App. A. We note that fermion doublets coupling to
leptoquarks are implicitly added. We obtain constraints using D → Pll (Eq. (D1)), D → Peµ
(Eq. (D4)), D → ll (Eq. (D5)) and D → µe (Eq. (D6)).
Scalar leptoquarks contribute to the D0 − D¯0 mass difference [45, 82]
∆SmD0 =
2
3
mDf
2
DBD
(
λ
(cl)
L,R
(
λ
(ul)
L,R
)∗)2
64pi2M2
(F1)
(times 2 for S2|L and times 5 for S3). While constraints from |∆C| = 1 transitions scale as
λλ∗/M2, the ones from mixing behave differently, as (λλ∗)2/M2. In our analysis we neglect the
SM contribution [83, 84].
Matching onto the nuclear weak charge [85]
Qw(Z,N) = −2((2Z +N)C1u + (2N + Z)C1d) , (F2)
where Z is the proton number and N is the neutron number, we find
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∣∣∣λ(ue)V3 ∣∣∣2
M2
, δV3C1d = −
√
2
4GF
∣∣∣λ(ue)V3 ∣∣∣2
M2
. (F3)
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couplings/mass constraint observable
|λ(ue)S1L | . 9 · 10−2 Vud
λ
(ue)
L λ
(ue)
R ∼ [−0.08, 0.8] nuclear beta decay
|λ(ue)L λ(uµ)R | . 9 · 10−2 pi+ → µ+νe
|λ(ue){L,R}λ(ce){L,R}| . 1 · 10−1 D+ → pi+e+e−
|λ(ue){L,R}λ(cµ){L,R}| . 2 · 10−1 D+ → pi+e+µ−
|λ(uµ){L,R}λ(ce){L,R}| . 2 · 10−1 D+ → pi+e−µ+
|λ(uµ){L,R}λ(cµ){L,R}| . 2 · 10−2 D+ → pi+µ+µ−
λ
(ce)
L λ
(ce)
R ∼ [−0.005, 0.05] D+s → µ+νµ
λ
(ce)
S1L
λ
(ce)
S1R
∼ [−0.01, 0.00] ∆ae
λ
(ce)
S2L
λ
(ce)
S2R
∼ [0.00, 0.01]
λ
(cµ)
S1L
λ
(cµ)
S1R
∼ [0.1, 0.2] ∆aµ
λ
(cµ)
S2L
λ
(cµ)
S2R
∼ [−0.2,−0.1]
(−|λ(ue)S1L,S2L|2 + |λ
(ue)
S1R,S2R
|2 + |λ(ue)S2R|2)1/2 ∼ [0.2, 0.4] Qw (Cs)
(λ
(ue)
L λ
(ue)
R − 0.02λ(uµ)L λ(uµ)R ∆Re/µ
−0.0002 (|λ(ue)S1L |2 − |λ
(uµ)
S1L
|2)) ∼ [−0.00001,−0.000003]
(λ
(ue)
S1L,S2R
λ
(ce)
S1R,S2L
− 0.02λ(ue)S1Lλ
(ce)
S1L
) ∼ [−0.009, 0.01] D+ → µ+νµ
|λ(ue)L λ(ce)R ± λ(ue)R λ(ce)L | . 1 · 10−2 D0 → e+e−
λ
(ue)
L,Rλ
(ce)
L,R + λ
(uµ)
L,R λ
(cµ)
L,R ∼ [0, 0.01] ∆mD0
|λ(qe)S1L,S1Rλ
(qµ)
S1L,S1R
| . 1 · 10−3 µ− → e−γ
|λ(qe)S2L,S2Rλ
(qµ)
S2L,S2R
| . 5 · 10−4
|λ(ce)L,Rλ(cµ)R,L | . 3 · 10−6
|λ(ue)L,Rλ(uµ)L,R | . 9 · 10−7 µ− e (Au)
|λ(ue)S2Rλ
(uµ)
S2R
| . 7 · 10−7
|λ(ue)L,Rλ(uµ)R,L | . 4 · 10−7
|λ(ce)S1L,S1Rλ
(cµ)
S1L,S1R
| . 9 · 10−3
|λ(ce)S2L,S2Rλ
(cµ)
S2L,S2R
| . 3 · 10−3
|λ(ce)L,Rλ(cµ)R,L | . 1 · 10−5
|λ(ue)L,Rλ(uµ)L,R | . 1 · 10−3 µ− → e−e+e−
|λ(ue)S2Rλ
(uµ)
S2R
| . 3 · 10−3
|λ(ue)L,Rλ(uµ)R,L | . 1 · 10−2
|λ(ce)L,Rλ(cµ)L,R | . 3 · 10−3
|λ(ce)S2Rλ
(cµ)
S2R
| . 6 · 10−3
|λ(ce)S1L,S1Rλ
(cµ)
S1R,S1L
| . 6 · 10−5
|λ(ce)S2L,S2Rλ
(cµ)
S2R,S2L
| . 5 · 10−5
|λ(ue)L,Rλ(cµ)L,R + λ(uµ)L,R λ(ce)L,R| . 8 · 10−1 D0 → µ±e∓
|λ(ue)L,Rλ(cµ)R,L + λ(uµ)L,R λ(ce)R,L| . 1 · 10−2
|λ(uµ)L λ(cµ)L + λ(uµ)R λ(cµ)R | . 6 · 10−2 D0 → µ+µ−
|λ(uµ)L λ(cµ)R ± λ(uµ)R λ(cµ)L | . 4 · 10−3
TABLE XII: Scalar SU(2)-singlet and -doublet leptoquark constraints for real couplings scaling as TeV/M
and
√
TeV/M for ∆mD0 . Additionally, |Im[λ(uµ)L (λ(uµ)R )∗]| . 3 · 10−7 and Im[λ(ce)L (λ(ce)R )∗] . 3 · 10−10 from
bounds on neutron and electron electric dipole moments.
31
couplings/mass constraint observable
|λ(ue)| . 0.1 Qw (Cs)
|λ(ue)| . 9 · 10−2 Vud
λ(ue)λ(ce) ∼ [−0.6, 1] D+ → µ+νµ
|λ(ue)λ(ce)| . 1 · 10−1 D+ → pi+e+e−
|λ(ue)λ(cµ)| . 2 · 10−1 D+ → pi+e+µ−
|λ(uµ)λ(ce)| . 3 · 10−1 D+ → pi+e−µ+
|λ(uµ)λ(cµ)| . 1 · 10−2 D+ → pi+µ+µ−
|λ(uµ)λ(cµ)| . 6 · 10−2 D0 → µ+µ−
(−|λ(ue)|2 + |λ(uµ)|2)1/2 ∼ [0.2, 0.4] ∆Re/µ
|λ(ue)λ(uµ) + λ(ce)λ(cµ)| . 5 · 10−4 µ− → e−γ
(λ(ue)λ(ce) + λ(uµ)λ(cµ)) ∼ [0, 0.007] ∆mD0
|λ(ue)λ(cµ) + λ(uµ)λ(ce)| . 8 · 10−1 D0 → µ±e∓
|λ(ue)λ(uµ)| . 7 · 10−7 µ− e (Au)
|λ(ce)λ(cµ)| . 9 · 10−3
|λ(ue)λ(uµ)| . 1 · 10−2 µ− → e−e+e−
|λ(ce)λ(cµ)| . 6 · 10−3
TABLE XIII: Scalar SU(2)-triplet leptoquark constraints for real couplings scaling as TeV/M and
√
TeV/M
for ∆mD0 . For the constraint from the weak charge we apply its 2σ interval.
We do not match V2 due to an additional dR-quark coupling [45].
The shift in the anomalous magnetic moment of a fermion f due to a scalar LQ reads [86]
∆Saf = − 3mf
16pi2
1
M2
(
mf
(∣∣∣λ(ff ′)L ∣∣∣2 + ∣∣∣λ(ff ′)R ∣∣∣2)(13Q(f ′)e − 16Qe
)
+mf ′Re
[
λ
(ff ′)
L
(
λ
(ff ′)
R
)∗]((−3− 2 ln m2f ′
M2
)
Q(f
′)
e −Qe
))
. (F4)
Here, Qe and Q
(f ′)
e denote the electric charges of the leptoquark and the fermion f ′ in the loop,
respectively. The contribution to the electric dipole moment of f reads [86]
df =
e
32pi2
1
M2
mf ′Im
[
λ
(ff ′)
L
(
λ
(ff ′)
R
)∗]((−3− 2 ln m2f ′
M2
)
Q(f
′)
e −Qe
)
, (F5)
times 3 for color if f ′ is a quark. For electrons |dSMe | ≤ 10−38 e cm [87]. The neutron electric dipole
moment receives contributions from quarks dn = 4/3dd − 1/3du, with dSMn ∼ O(10−34) e cm [88].
The lepton flavor violating radiative muon decay in case of a scalar LQ is [89]
δSBµ→eγ = αe
4Γµ
m5µ
(∣∣F γ2LR∣∣2 + ∣∣F γ2RL∣∣2) , (F6)
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couplings/mass constraint observable
|λ(ue)
V˜1,2
| . 0.1 Qw (Cs)
|λ(ue)V3 | ∼ 0.1
|λ(ue)V3 | . 6 · 10−2 Vud
λ
(ue)
V3
λ
(ce)
V3
∼ [−0.3, 0.5] D+ → µ+νµ
|λ(ue)λ(ce)| . 6 · 10−2 D+ → pi+e+e−
|λ(ue)λ(cµ)| . 1 · 10−1 D+ → pi+e+µ−
|λ(uµ)λ(ce)| . 1 · 10−1 D+ → pi+e−µ+
|λ(uµ)λ(cµ)| . 1 · 10−2 D+ → pi+µ+µ−
|λ(uµ)λ(cµ)| . 3 · 10−2 D0 → µ+µ−
(−|λ(ue)V3 |2 + |λ
(uµ)
V3
|2)1/2 ∼ [0.2, 0.3] ∆Re/µ
|λ(ue)λ(cµ) + λ(uµ)λ(ce)| . 4 · 10−1 D0 → µ±e∓
|λ(qe)λ(qµ)| . 1 · 10−4 µ− → e−γ
|λ(qe)V3 λ
(qµ)
V3
| . 6 · 10−5
|λ(ue)λ(uµ)| . 7 · 10−7 µ− e (Au)
|λ(ce)
V˜1,V˜2
λ
(cµ)
V˜1,V˜2
| . 1 · 10−2
|λ(ce)V2 λ
(cµ)
V2
| . 6 · 10−3
|λ(ce)V3 λ
(cµ)
V3
| . 7 · 10−3
|λ(ue)λ(uµ)| . 4 · 10−4 µ− → e−e+e−
|λ(ue)V3 λ
(uµ)
V3
| . 2 · 10−4
|λ(ce)
V˜1,V˜2
λ
(cµ)
V˜1,V˜2
| . 8 · 10−4
|λ(ce)V2 λ
(cµ)
V2
| . 6 · 10−4
|λ(ce)V3 λ
(cµ)
V3
| . 3 · 10−4
TABLE XIV: Vector leptoquark constraints for real couplings scaling as TeV/M . For the constraint on V˜1,2
from Qw we apply its 2σ interval. For V3 all constraints have to be multiplied with a factor of 1/2.
where we note the typo F1 ↔ F2 in [89]
F γ2LR,2RL =
3
16pi2
1
M2
(
λ
(qµ)
L,R
(
λ
(qe)
L,R
)∗(1
6
Q(q)e −
1
12
Qe
)
− mq
mµ
λ
(qµ)
R,L
(
λ
(qe)
L,R
)∗((−3
2
− ln m
2
q
M2
)
Q(q)e −
1
2
Qe
))
. (F7)
In case of a vector LQ [45]
δV Bµ→eγ = 1
Γµ
mµ
8pi
(∣∣F V ∣∣2 + ∣∣FA∣∣2) (F8)
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couplings/mass constraint observable
|λ(ul)S1Lλ
(cl′)
S1L
| . 4 · 10−4 (K+ → pi+ν¯ν)/(K+ → pi0e¯νe)
|λ(ue)S2Rλ
(ce)
S2R
| . 2 · 10−3 K0L → e¯e
|λ(uµ)S2Rλ
(ce)
S2R
| . 1 · 10−5 K0L → e¯µ
|λ(uµ)S2Rλ
(cµ)
S2R
| . 3 · 10−4 K0L → µ¯µ
|λ(ue)S3 λ
(ce)
S3
| . 4 · 10−4 (K+ → pi+ν¯ν)/(K+ → pi0e¯νe)
|λ(ue)S3 λ
(cµ)
S3
| , |λ(uµ)S3 λ
(ce)
S3
| . 1 · 10−5 K0L → e¯µ
|λ(uµ)S3 λ
(cµ)
S3
| . 3 · 10−4 K0L → µ¯µ
|λ(ue)V2 λ
(ce)
V2
| . 1 · 10−3 K0L → e¯e
|λ(ue)V2 λ
(cµ)
V2
| , |λ(uµ)V2 λ
(ce)
V2
| . 5 · 10−6 K0L → e¯µ
|λ(uµ)V2 λ
(cµ)
V2
| . 2 · 10−4 K0L → µ¯µ
|λ(ue)V3 λ
(ce)
V3
| . 8 · 10−5 (K+ → pi+ν¯ν)/(K+ → pi0e¯νe)
|λ(ue)V3 λ
(cµ)
V3
| , |λ(uµ)V3 λ
(ce)
V3
| . 3 · 10−6 K0L → e¯µ
|λ(uµ)V3 λ
(cµ)
V3
| . 7 · 10−5 K0L → µ¯µ
TABLE XV: Constraints on the leptoquark coupling products from kaon decays [54] scaling as TeV/M .
with
∣∣F V,A∣∣ = √αe4pi ∣∣λ(qe)λ(qµ)∣∣
32pi2
m2µ
M2
(
Q(q)e 2 +Qe
5
2
)
(F9)
(times 2 for up-type quarks in scenario V3).
The lepton flavor violating muon decay in case of a scalar LQ is [90]
δSBµ→eee =
α2em
5
µ
32piΓµ
(
|T1L|2 + |T1R|2 + 2
3
(|T2L|2 + |T2R|2)(8 ln mµ
2me
− 11
)
− 4Re[T1LT ∗2R + T2LT ∗1R]
+
1
3
(
2
(|ZLgLl|2 + |ZRgRl|2)+ |ZLgRl|2 + |ZRgLl|2)
+
1
6
(|B1L|2 + |B1R|2)+ 1
3
(|B2L|2 + |B2R|2)
+
2
3
Re[T1LB
∗
1L + T1LB
∗
2L + T1RB
∗
1R + T1RB
∗
2R]
− 4
3
Re[T2RB
∗
1L + T2LB
∗
1R + T2LB
∗
2R + T2RB
∗
2L]
+
2
3
Re[B1LZ
∗
LgLl +B1RZ
∗
RgRl +B2LZ
∗
LgRl +B2RZ
∗
RgLl]
+
2
3
Re[2(T1LZ
∗
LgLl + T1RZ
∗
RgRl) + T1LZ
∗
LgRl + T1RZ
∗
RgLl]
+
2
3
Re[−4(T2RZ∗LgLl + T2LZ∗RgRl)− 2(T2LZ∗RgLl + T2RZ∗LgRl)]
)
, (F10)
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where we correct the typo in ZL,R related terms in [90]
T1L,1R = − 3
16pi2
1
M2
λ
(qµ)
L,R
(
λ
(qe)
L,R
)∗((4
9
+
1
3
ln
m2q
M2
)
Q(q)e +
−1
18
Qe
)
, (F11)
T2L,2R =
3
16pi2
1
M2
(
−
(
λ
(qµ)
R,L
(
λ
(qe)
R,L
)∗ 1
6
+
mq
mµ
λ
(qµ)
R,L
(
λ
(qe)
L,R
)∗(−3
2
− ln m
2
q
M2
))
Q(q)e
+
(
λ
(qµ)
R,L
(
λ
(qe)
R,L
)∗ 1
12
+
mq
mµ
λ
(qµ)
R,L
(
λ
(qe)
L,R
)∗ 1
2
)
Qe
)
, (F12)
ZL,R = − 3
16pi2
1
M2
λ
(qµ)
L,R
(
λ
(qe)
L,R
)∗ 1
m2Z sin
2 θw cos2 θw
×
(
m2µ
3
8
2gLq,Rq −m2q
(
1 + ln
m2q
M2
)
gRq,Lq +m
2
µ
3
8
2(−g)
)
, (F13)
B1L,1R =
3
32pi2
λ
(qµ)
L,R
(
λ
(qe)
L,R
)∗ ∣∣∣λ(q′e)L,R ∣∣∣2 −1M2 , (F14)
B2L,2R =
3
64pi2
λ
(qµ)
L,R
(
λ
(qe)
L,R
)∗ ∣∣∣λ(q′e)R,L ∣∣∣2 −1M2 (F15)
and
gLf,Rf = T
(fL,fR)
3 −Q(f)e sin2 θw , g = T3 −Qe sin2 θw (F16)
(gL ↔ gR for S2). Here, T3 is the third component of the weak isospin of the LQ and fL,R label
chiral fermions, that is, gLf,Rf are SM couplings and g is the LQ coupling. In case of a vector LQ
[91]
δV Bµ→eee = 3α
2
e
8pi2
(
Q(q)e
)2
ln2
m2q
M2
∣∣λ(qµ)λ(qe)∣∣2
G2FM
4
(F17)
(times 4 for up-type quarks in scenario V3), where we neglect terms ∼ Qe, m2f/M2-suppressed
box-diagrams and m2f/m
2
Z-suppressed Z-diagrams.
Matching onto the µ− e conversion in nuclei rate [92]
Γµ−e = 4m5µ
∣∣∣∣14CDRD + CSLG(u,p)S S(p) + CSLG(u,n)S S(n) + 2CV RV (p) + CV RV (n)
∣∣∣∣2
+ 4m5µ
∣∣∣∣14CDLD + CSRG(u,p)S S(p) + CSRG(u,n)S S(n) + 2CV LV (p) + CV LV (n)
∣∣∣∣2 (F18)
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we find
δSCV R = −
λ
(ue)
R
(
λ
(uµ)
R
)∗
4M2
, δSCV L = −
λ
(ue)
L
(
λ
(uµ)
L
)∗
4M2
,
δSCSR = −
λ
(ue)
L
(
λ
(uµ)
R
)∗
4M2
, δSCSL = −
λ
(ue)
R
(
λ
(uµ)
L
)∗
4M2
,
δSCDR,DL =
1
2mµ
F γ2RL,2LR ,
δV˜1CV R =
λ
(ue)
V˜1
(
λ
(uµ)
V˜1
)∗
2M2
, δV2CV R =
λ
(uµ)
V2
(
λ
(ue)
V2
)∗
2M2
,
δV˜2CV L =
λ
(uµ)
V˜2
(
λ
(ue)
V˜2
)∗
2M2
, δV3CV L =
λ
(ue)
V3
(
λ
(uµ)
V3
)∗
M2
,
δV˜1,V2CDR,DL = −
1
4m2µ
√
αe4pi
(∣∣F V ∣∣± ∣∣FA∣∣) ,
δV˜2,V3CDR,DL = −
1
4m2µ
√
αe4pi
(∣∣F V ∣∣∓ ∣∣FA∣∣) , (F19)
where F γ2RL,2LR are given by Eq. (F7) and |F V,A| are given by Eq. (F9) (times 2 for up-type quarks
in scenario V3). We neglect loop-suppressed gluonic interactions. The nucleon form factors are
given as G(u,p)S = 5.1 and G
(u,n)
S = 4.3 [92] and we take the overlap integrals of muons and electrons
weighted by proton and neutron densities for titanium and gold
DTi = 0.0864 , S
(p)
Ti = 0.0368 , S
(n)
Ti = 0.0435 , V
(p)
Ti = 0.0396 , V
(n)
Ti = 0.0468 ,
DAu = 0.189 , S
(p)
Au = 0.0614 , S
(n)
Au = 0.0918 , V
(p)
Au = 0.0974 , V
(n)
Au = 0.146 . (F20)
Matching onto the leptonic pseuodoscalar decay rate [93]
ΓP→lν =
G2F f
2
P
(
m2P −m2l
)2
8pim3P
∣∣∣∣∣mlVqq′ +ml
√
2
4GF
(CV RL − CV LL) + m
2
P
mq +mq′
√
2
4GF
(CSLR − CSRR)
∣∣∣∣∣
2
(F21)
we find
δS1CV LL =
1
2
λ
(ql)
S1L
(
λ
(q′l)
S1L
)∗
M2
, δS1CSRR = −
1
2
λ
(ql)
S1R
(
λ
(q′l)
S1L
)∗
M2
,
δS2CSRR =
1
2
λ
(q′l)
S2R
(
λ
(ql)
S2L
)∗
M2
,
δS3CV LL = −
1
2
λ
(ql)
S3
(
λ
(q′l)
S3
)∗
M2
,
δV3CV LL = −
λ
(q′l)
V3
(
λ
(ql)
V3
)∗
M2
, (F22)
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We do not match V2 due to an additional dL-quark coupling [45].
We deduce the shift in Re/µ = Γpi→eνe/Γpi→µνµ
δLQRe/µ = R
SM
e/µ
1√
2GFVud
Re
[(
C
(l=e)
V RL − C(l=e)V LL
)
−
(
C
(l=µ)
V RL − C(l=µ)V LL
)
+
m2pi
mu +md
(
C
(l=e)
SLR − C(l=e)SRR
me
− C
(l=µ)
SLR − C(l=µ)SRR
mµ
)]
. (F23)
and the shift in the CKM parameter
∆LQVud
Vud
=
√
2
4GF
C
(ue)
V LL (F24)
by means of quark beta decay normalized to muon decay.
We match onto nuclear beta decay parameters to constrain Wilson coefficients [94]
−0.14 · 10−2 < GFαe√
2pi
CT + CT5
CA
< 1.4 · 10−2 (90%C.L.) , (F25)
where CSMA = −1.27GFVud.
We obtain no constraints better than |λ| . M/TeV from the decay pi0 → µe, ∆mD via vector
LQs [21], the D0 − D¯0 lifetime difference [95, 96], the anomalous magnetic moment via vector LQs
[97], the decay Z → ff via scalar LQs [98], the decay Z → eµ via scalar LQs [89], triple correlation
coefficients in nuclear beta decay [99–101] nor additional nuclear beta decay parameters [102].
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